INTRODUCTION
In recent years, stimuli-responsive materials have been extensively studied because of their potential application in pharmaceuticals, micromachines, and pollutant removal 1 , 2 .
In particular, heat-induced gelation materials, which undergo a thermally reversible transition from a low viscosity solution to a rigid gel upon an increase in temperature, have attracted considerable attention as injectable drugdelivery systems 3 . The most notable heat-induced gelator is the cross-linked poly N-isopropylacrylamide PNIPAM hydrogel, which exhibits a volume phase transition upon heating through its lower critical-solution temperature LCST 4 . However, cross-linked PNIPAM and its copolymers have limited fl exibility and injectability. Thus, it is desirable to develop high-performance heat-induced gelators without chemical cross-links. Supramolecular gelation systems which exhibit normal gelation behavior without chemical cross-links have been reported in various structures of low-molecular weight compounds 5 7 .; however, reports on heat-induced gels formed from low-molecular weight compounds remain limited. Tobita et al. 8 showed that the viscosity of a fl uorohybrid-type surfactant solution increased gradually over a wide temperature range of 10-36 , with a maximum viscosity at 36 , which decreased upon further heating. Similar viscosity curves upon heating have also been observed in other surfactant solutions 8, 9 . In the heat-induced gelation of surfactants, the phase transitions generally occur over a broad temperature range and the surfactant pounds apart from LiCl would be effective in forming O/W emulsions of C18AA to act as heat-induced gels. Moreover, the reversible sol-gel transition of heat-induced gels produced by a LiCl electrolyte cannot be regulated by electrolyte concentration, because there is no way to achieve a decrease in concentration. However, control of the sol-gel transition of O/W emulsions of C18AA by pH would provide a double-stimuli responsive gel. That is, a sol-gel phase transition of the gel could be reversibly regulated by both pH and temperature. In the present paper, we report on heat-induced gels from O/W emulsions comprising C18AA, hydrochloric acid, and toluene, in which the sol-gel transition can also be reversibly regulated by pH.
EXPERIMENTAL PROCEDURES

Materials
All chemicals were reagent grade and obtained from Aldrich or Kanto chemicals. Commercially available reagents and solvent were used without further purifi cation, except methyl acrylate Kanto chemicals , which was purifi ed by distillation under reduced pressure in a nitrogen atmosphere, and octadecylamine, which was recrystallized two times from hexane.
Preparation of stimuli-responsive gel
C18AA was synthesized according to a previous paper 10, 11 .
A typical preparation of the stimuli-responsive gel was as follows. An aqueous solution of 0.12 M hydrochloric acid 80 L was added to 1.0 wt C18AA toluene solution 2.4 g , and the mixture was then vigorously stirred overnight. As a result, the mixture was separated into a clear toluene phase in the upper layer and an opaque water phase in the bottom layer, which possesses the heat-induced gel property.
Dynamic rheological measurements
Dynamic rheological experiments were performed on a Thermo Scientific MARS rheometer. A cone-plate with a diameter of 35 mm and an angle of 1 was employed. Measurements of the storage G' and loss G'' moduli to give the complex viscosity η were performed as a function of temperature from 10 to 70 at a constant frequency of 1 Hz and a sheer stress of 1 Pa. The rate of temperature increase was controlled at 3 /min. The complex viscosity η was obtained from the following equation 1 , where f is the frequency of oscillation.
The distribution ratio of C18AA in the O/W emulsion
To determine the distribution of C18AA among water, toluene and the water/toluene interface in the stimuli-responsive gel, we measured the solubility of C18AA in the water and toluene phases. An emulsion of 0.5 wt -C18AA/ toluene 100 mL /0.12 M hydrochloric acid 4 mL was prepared. After the O/W emulsions underwent creaming at a given temperature, a clear water phase in the bottom layer and an excess transparent toluene phase in the upper layer could be observed. Aliquots of the water and toluene phases were pipetted from each layer to measure the C18AA solubility. The water and toluene were removed by freeze-drying in a vacuum and the remaining C18AA was determined by the residual weight. Here, we assume that the C18AA concentration in the toluene phase in the O/W emulsions is equal to that in the excess toluene phase, and that hydrochloric acid is insoluble in the toluene phase. Thus, the distribution coeffi cients for C18AA molecules in the water phase, φ W , and in the toluene oil phase, φ O , were determined on the basis of the weight method as mentioned above. In addition, the distribution coeffi cient at the O/W interface, φ i , was evaluated from φ W φ i φ O 100 .
Proton NMR spectroscopy
To clarify the protonation sites of C18AA at low pH, 1 H NMR spectra of deuterium oxide solutions of C18AA were measured as a function of pH using a Bruker DPX-400 spectrometer. The pH of the solution was adjusted using deuterium chloride. In order to investigate the morphology of the molecular assembly of C18AA in the opaque water phase, i.e., to determine the stimuli-responsive gel properties, fl uorescence microscopy and differential interference contrast microscopy was performed using a Leica DMI4000B. The watersoluble dye rhodamine 6G was used for fluorescence microscopy.
RESULTS AND DISCUSSION
Thermal behavior of stimuli-responsive gel of C18AA
The opaque water phase, which was prepared from 0.12 M hydrochloric acid and 1.0 wt C18AA toluene gel, was in a sol state at room temperature, but the water phase became rigid on heating, as shown in Fig. 1b . Interestingly, this remarkable thermo-responsive change in fl uidity was completely reversible upon heating and cooling cycles. As a result, the addition of hydrochloric acid resulted in a "heat-induced gel" with the opposite thermal property to that of the normal gel. Thus, it was found that a heat-induced gel based on C18AA could also be prepared using HCl, in addition to the LiCl used previously 11 . Figure 2 shows plots of the complex viscosity η against temperature at various concentrations of C18AA. The η values sharply increased at the sol-gel phase transi-tion. The thermal response of the heat-induced gel of C18AA was highly sensitive, and the sol-gel transition was completed over a narrow temperature range of 3 . The sol-gel transition temperatures decreased with increasing C18AA concentration. Interestingly, the transition temperatures decreased linearly with increasing C18AA concentration from 0.6 wt to 1.4 wt Fig. 3 . The existence of a linear relation between the transition temperature and the C18AA concentration over a wide temperature range of 5-55 in Fig. 3 indicates that the sol-gel transition temperature can be controlled simply by changing the C18AA concentration. In addition, the η values in the sol and gel states were 10 1 Pa s and 10 3 Pa s, respectively, irrespective of the C18AA concentration; that is, the C18AA concentration affected the transition temperature, but not the rigidity of the gel. This provides opportunities for potential application in useful new stimuli-responsive materials.
Mechanism of sol-gel phase transition
In order to investigate differences in the emulsion structure between the sol and gel states, we obtained optical microscopic images of the opaque phases in the sol and gel states. Figure 4 shows the interference contrast images left and fl uorescence images right of C18AA concentrations of 0.8 wt a and 1.3 wt b at room temperature, corresponding to the sol and gel states, respectively. The opaque phases in both the sol and gel states consisted of emulsion droplets with diameters of 1-50 m. At the sol-gel phase transition, the droplets changed from a spherical to a non-spherical shape, however, both emulsions basically consisted of O/W types 12 , as confirmed by fluorescence images obtained using the water soluble dye rhodamine 6G Fig. 4 . The emulsion structure did not differ much between the sol and gel states, and both phases consisted of O/W emulsions. Next we examined the distribution of C18AA among water, toluene and the water/toluene interface in a 0.5 wt C18AA/toluene /0.12 M HCl system as a function of temperature. Figure 5 reveals that the adsorption density of C18AA at the water/toluene interface decreases with increasing temperature. In other words, increasing the temperature results in a transfer of C18AA molecules from the O/W interface to the continuous water phase. Thus, deformation of the droplets at a higher temperature is caused by a decrease in adsorption of C18AA at the interface. Signifi cantly, although the droplets did deform to a nonspherical shape at higher temperatures, no phase separation was observed for a month in this system. In general, when emulsions become unstable due to a change in external conditions, phase separation sets in. Thus, the anomalous stability of the emulsions at high temperatures indicates the formation of a network structure within the continuous water phase. In previous work 11 , we showed that larger aggregates of C18AA were formed in the water phase at higher concentrations. Thus, O/W emulsions in the gel state are trapped and pinned by the network of C18AA aggregates formed in the continuous water phase, leading to a high viscosity for the system Fig. 6 . Consequently, the mechanism of the sol-gel phase transition in the HCl/C18AA/toluene system was the same as that in the LiCl/C18AA/toluene system previously reported 11 .
pH-responsive behavior of C18AA gel
In order to reveal the effect of HCl on the viscosity behavior, η values were measured for the 1.0 wt C18AA systems at various HCl concentrations on heating Fig. 7 . We found that the η value at the gel state increased with increasing HCl concentration. The η values for HCl 0 M remained comparatively low at 55 , whereas the η values for HCl 0.12 M were extensively high, reaching a maximum of 10 3 Pa s, i.e. tenfold value of η at HCl 0, with transition to a gel occurring at a high temperature. For concentrations up to HCl ≈0.12M, the sol-gel phase transition temperatures decreased with increasing HCl concentration. Interestingly, at HCl 0.2 M no sol-gel transition was observed and the emulsion was in a gel state even at low temperatures. We then examined the effect of pH on the sol-gel phase transition temperatures, instead of the nominal HCl concentration. Figure 8 shows the resultant phase diagram of the heat-induced gel for a 1.0 wt C18AA/toluene/HCl aq. system. At pH 9.5, the phase transition temperatures increase with increasing pH, while at pH 9.3 the system exist in a gel state regardless of temperature. The phase diagram indicates that the sol-gel phase transition can be controlled by pH, as well as temperature. As shown in Fig.  9 , we successfully controlled the totally reversible sol-gel phase transition by changes in pH over many cycles. Importantly, the sol-gel phase transition showed a highly sensitive pH response, and the pH range of the transition between the sol and gel states was pH 9.5 0.2. It is well known that the terminal and tertiary amine groups of C18AA act as protonation sites at a lower pH. Thus, the pH-responsive sol-gel transition in Fig. 8 is probably related to protonation of the amines. Since protonation would lead to variation of the 1 H chemical shifts of methylene groups adjacent to the protonated sites 13 15 , obtaining plots of these chemical shifts against pH can provide detailed information on the protonation degree. Figure 10 shows the chemical shifts of several methylene groups as a function of pH. In the pH range of 6-12, the chemical shifts of the methylene groups adjacent to the tertiary amine group were unchanged; however, below pH 9.5 those of the methylene groups adjacent to the terminal amine groups were shifted to lower fi eld. This result indicates that at pH 9.5 there is no protonation of either amine group, while at pH 9.5 the terminal amine groups start to protonate.
Thus, the gradual decrease in sol-gel phase transition temperature with decreasing pH above pH 9.5 observed in Fig. 8 is not caused by protonation of C18AA, but by a salting-in effect 16 of H , which acts as a chaotropic cation 17 , in the same way as Li in the previous system 11 .
On the other hand, the abruptly decrease in sol-gel transition with decreasing pH below pH 9.5 is directly related to protonation of the terminal amine groups. The protonated C18AA molecules are more soluble in water according to their higher hydrophilicity. As a consequence, decreasing the pH results in a transfer of C18AA molecules from the O/W interface to the continuous water phase, and subsequent formation of larger aggregates of C18AA in the water phase. The O/W emulsions are trapped and pinned by the network of C18AA aggregates formed in the continuous water phase, leading to gel formation. The mechanism of the sol-gel phase transition regulated by a change in pH is the same as that occurring by a change in temperature, as mentioned in the above section. Thus, it was demonstrated that sol-gel transition of O/W emulsions could be regulated reversibly by a change in pH, in addition to temperature, thereby providing an O/W emulsion gel based on C18AA and HCl that was double-stimuli responsive, that is, thermo-and pH-responsive.
CONCLUSION
We have demonstrated that O/W emulsions of a C18AA/ toluene/hydrochloric acid system can be induced to undergo sol-gel phase transition by a change in temperature or pH, suggesting their potential for thermo-responsive and pH-responsive materials. The O/W emulsion gel acted as a heat-induced gel with opposite thermal property to that of a normal gel and underwent a phase transition from sol to gel on heating. Further, it was possible to reversibly control the sol-gel phase transition by a change in pH over many cycles. Importantly, the sol-gel phase transition showed a highly sensitive pH response, and the pH range between the sol and gel states was quite narrow.
